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2. INTRODUCTION

Aircraft Ground Support Equipment (GSE) is being used more
frequently in the Naval aviation environment. Tow-tractors, mobile air conditiorers,
electric power units, and many other items combine to form the large inventory of
GSE in the U.S. Navy. Much of this equipment is powered by self contained internal
combustion engines. Because these engines are subjected to extremely severe
intermittent service, the high wear conditions that result create frequent maintenance
problems. Besides wear probloms, these powerplants have many other drawbacks,
such as severe noise generation, vibration, high pollution levels, high logistics
support costs, and low reliability, all of which greatly detract from the performance
of the GSE they drive.

The Naval Air Engineering Center, Ground Support Equipment
Department, is investigating the technology advances in the design of existing
engines and innovative or recently developed powerplants. This investigation con-
stitutes the first major step towards bringing the advantages of these advanced ayvs-
tems into the ground support equipment domain. The problems existent in present
powerplants used in GSE are identified and the parameters being selected to
determine the optimal prime mover are defined. A brief history and a description
of the principles of operation for each candidate is given. The advantages and
disadvantages of each proposed engine are discussed with respect to their present
stage of development and availability.

Since many of the engine research programs are still in an early stage
of development, technological breakthroughs are occurring constantly. For this
reason, the following should ouly tend to serve as an introduction to the continuous
work being accomplished in the field of powerplant research. Progress reports
discussing the latest developments in this field will be published quarterly.
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3. OBJECTIVES

This study wvas initiated to select a new prime mover for application
to ground support equipment. This will be accomplished by determining the needs of
GSE and then evaluating the prime mcver caundidates in the ground support environ-
ment. From the evaluation an Optlmal engme wm be selected -
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4. SUMMARY OF PROCEDURES AND RESULTS
~ 4.1 Procedure. A literature search using the library facilities of NAEC,

‘Widener College andthe Defense Documeatation Center resulted in many of the
findings reported. Technical manuals for the different types of GSE were evaluated
to determine the present reqirements of the GSi prime movers. Vigits and
interviewa with the agencies ind companies listed in Appendix A helped to determine
the present state-of-the-art of candidate GSE prime movers. The Naval activities
listed provided an insight into the problems encountered with present engines.

t k3
i 4.2 Results. As a result of this investigation, it was determined that:
T 4.2.1 Four different types of prime nmovers are presently used in GSE.
i These have mauny drawbacks encompassing lechnical, logistical, and maintenance
problems,
:
, i 4.5.2 Gasoline and diesel engines comprise 78% of the GSE prime movers

1 with the various horsepower requirements shown in Tables 8-2 and 8-4,

LI S )

4.2.3 Seven major prime mover concepts are being investigated by various
manufacturers and many of them wouid be feasible replacements for the present

GSE engines. Howevesr, each is currently in a different stage of rescarch and
development.
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5. CONCLUSIONS

5.1 Conclusions of Study. As a result of this investigation, the following
conclusions can be made:

5.1.1 Excessive noise, vibration, and polluting emissions are just a few of
the many problems existent in the prime movers currently used in ground support
equipment. Excessive maintenance and the non-availability of repair parts are
additional drawbacks.

5.1.2 Several expensive approaches are available to solve these problems.
Noise and vibration can be reduced by placing the engines in noise dampening enclo-
sures with better mounting systems to isolate them from the powered equipment,
New repair parts could be manufactured to replenish depleted stocks, Emission
levels could pe reduccd by adding catalytic converters and other control devices to
the engine. The more practical and cost effective approach would be to replace

the existing wide variety of engines with a more modern and efficient prime mover.

5.1.3 Certain prime mover candidates appear to be feasible and would
meet the requirements of an optimal engine for present and future GSE. Several
advantages of these systems are immediately apparent:

o The Wankel engine is about half the size and weight of a
comparable gasoline engine.

o The Stirling engine has improved fuel economy with drastically
reduced noise levels over conventional engines.

o Vibration is practically non-existent in the regenerative gas
turbine and the multi-fuel capability of the Rankine cycle sys-
tem is a desirable feature.

5.1.4 The remaining candidates have the advantage of being "pollution free, "
but retain disadvantages which outweigh their favorable characteristics as future
GSE prime movers.

o  The electric drive eystems are bulky, heavy, and have long
pcewer source recharging times., These systems would not be
2s rcadily available for use as is normally required in the
GSE environment.

o  The flywheel systems are complex and would need an additional
prime mover of their own to "rewind” the flywheel.

[N R P SR
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The stratified charge engines do not reduce the problems
asgociated with conventional engines and in fact, add to the
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6. 7 RECOMMEMDATIONS
g 6.1 Recommendations Based on This Study. It is recommended that:
6.1.1 The investigation of the Wankel, Rankine cycle, Stirling, and gas :

turbine engines should continue until the optimal engine can be determined,

6.1.2 Prototype engines should be obtained and evaluated in the GSE
environment to verify their acceptabllity and adaptability.

6.1.3 The further investigation of the clectric drive, stratified chargr, and
flywheel systems should be limited to monitoring their development for any major
breakthroughs.

6.1.4 Since the Wanke) engine is already in mags prorduction, its installation
and evaluation in a piece of GSE was recommended and is scheduled to begin in
FY 74, K
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8. REPORT TEXT

8.1 GSE Prime Mover Problem Areas. The several different categories
of prime movers which exist in the current ground support equipment inventory
include internal combustion engines (gasoline or diesel type), gas turbine engines,
and electric motors. All of these are used extensively throughout the Naval
Aviation system, with the exception that gasoline engines are not used aboard air-
craft carriers for safety reasons. Many of the problems which exist in these
prime movers create an adverse effect on the performance of GSE they power.

An optimal prime mover must be able to minimize each of these problems.

8.1.1 Vibration. Internal combustion engines have an inherent vibration
problem due to their reciprocating motion. This vibration is the direct source of
many failures in both the engine and the total piece of GSE. Vibration causes
cyclic stresses and strains which lead to failure from fatigue. These failures
reduce reliability and raise costs due to an increased need for maintenance. Vibra-
tion also affects the performance of certain pieces of GSE, such as aircraft
weapons loaders. With their sophisticated hydraulic systems for handling
ordnance, weapons loaders are expected to perform a lifting function with
precision, but their performance is degraded because of the engine vibration.

8.1.2 Moise. Recently, much legislation has foreed private industry to
reduce the noise levels of its equipment. Similarly, BUMEDINST 6260. 6B
imposed noise level limits on equipment in the Department of the Navy. GSED
Task Progress Report No. 72-7 councludes that not only can noise permanently
damage the hearing of Navy personnel, but it produces a general loss of communi-
cations effectiveness as well. This report also indicates that the prime movers
contribute greatly to the high level of noise being generated by GSE. Because

of the dangers involved, a new prime mover must be able to comply with the
recommended noise standards.

8.1.3 Weight. A savings of weight in almost any unit would show many
advantages. Up to 2000 pounds per unit could be saved through the use of a new
prime mover. This weight reduction would be obtained through the use of a
lighter engine. By using a lighter engine, the weight of the supporting structural
members would also be reduced. On the deck of an 2ircraft carrier where about
sixty pieces of GSE are used, over 20, 000 pounds could be saved. Then too, the
cost of shipping GSE between Naval facilities could be reduced since shipping
costs are proportional to weight.

8.1.4 ' Size. Because of the limited dimensions of the work areas on a
ship, every ‘cubic foot of space is important. Since the large

size of most pieces of GSE is a direct result of its bulky engine, a new prime
mover should produce a decrease in the volume of the new unit. Substantial
savings in both space and cost would result from a reduction in the volume of
GSE.
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8.1.5 Fuel Economy and Restrictions. Because of the space problem on
a carricr, the amount of fuel needed by GSE should be minimizel, A new prime
mover which uses lese fuel while producing the same level of performance would
be a desirable fecature. A savings in both cas1 and space would result if the GSE
used on a carricr required less fuel.  An additional requirement for a new prime
mover is that it be able to run on heavy distillate fuels which are nrrmally
available on a shin, A prime mover which could operate only on gasvline would
be disadvantageous because gasoline is considered unsafe to store on shiotoard.

8.1.6 Reliability and Maintainability. Better reliability and less aeed ior
maintenance would snow a substantial cost savings.  Many new prime movers

contain up to 50% fewer parts than exieting engines and require much less periodic
scrvicing. Thus, these new prime movers would be expected to be more reliable.

8.1.7 Costs. Although the initial appropr.ation cost of a diesel engine
18 about four times as much as the cost of an equivalent gasoline ¢ngine, many
pleces of GSF are procured with diesel ¢ngines almost entively because of the
fucl consf-aints existent in shipboard opcrations. Because of the decrease in
size, a multi-fuel rapability, and the =cduced number of moving parts in severnl
of the newer prime movers, costs could be reduced both in initial procurements
and in later repair parts logistical support.

5.1.8 lsmissions, Seme government regulatory agencics have establisbed
maximumpollution standards for industrial engincs and cquipment, While these
astardards cannot dircctly be applied to the Department of Defense, it can be
expected that future statutes, when cu- cted, will be similar in nature. Since DoD
cquipment can he expected to comply with these regulations, any new prime mover
canrdidete must be as pollution frec as possible.

8.2 Existing Prime Movera., Present ground support equipment usces
four different types of prime movers for power.,  The majority use gasoline or
diesel-powered, internal combustion engines (Figure 8-1). Somce units usc gas
turbine cngines while the remainder usce an clectrice drive system with power
supplied through w cable,

#,2.1 Gasoline Engines.  The gasoline engines used in ground support
cquipment range from 25 to 250 horscpower (Figurc 8~2).

10
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GASOLINE
42%

GAS TURBINE
13 %

Figure 8-1. Prime Mover Distribution in GSE

25-90HP
27%

210-260 HP
25%

110 -195 HP
38%

\_/

Figure 8-2. Gasoline Engine Horscpower Distribution

11




NAEC-GSED-66

Six different manufacturers supply gasoline engines for use in
ground support equipment (Figure 8-3). Each manufacturer also supplies several
different models to suit the various requirements of GSE (Table 8-1).

FORD
48%
: CHRYSLER
21 %
WISCONSIN INTERNATIONAL
20 % 2%
g CONTINENTAL 1%

HERCULES 1 %
Figure 8-3. Distribution of Gasoline Engines by Manufacturer

An engine malfunction and failure analysis was made for selected
gasoline engines over a two year period. These malfunctions are indications of
strictly internal combustion engine failures and not failures of starting motors,
carburetors, or other engine accessories (Table 8-2).

8.2.2 Diesel Engines. The diesel engines used in ground support equip-
ment range from 25 to 290 hp, with the majority in the 100-150 hp range (Figure 8-4).

)

25-85 HP
22%

100 --150 HP
68 %

Figure 8-4. Diesel Engine Horsepcower Distribution
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Although six different manufacturers are used to supply the Navy with

the diesel engines used in GSE, Detroit Diesel produces 50% of tkis total (Figure8-5).

While the power ratings of these engines are similar to those of the gasonline engines,
the majority of the diesel powered pieces of GSE are used in shipboard applications

(Table 8-3).

DETROIT
50 %

CUMMINS
5%

ONAN 5%

INTERNATIONAL
23 %

Figure 8-5, Distribution of Diesel Engines by Manufacturer

The failure analysgis for the diesel cngines shows them to be more re-
liable than the comparable gasoline engines (Table 8-4). These malfunctions are
strictly engine failures and, again, not those of the associate:! accessories.

8.2.3 Gas Turbines. (as turbinc engines are used in ground support equip-
ment when high volume air movement is reguircd. The most common GSE use of
gas turbine engine is in air stavt units. This is because of the high volume of air
required to start modern turbine powered aircraft. The approximately 1200 gas
turbines uged in GSE arc supplicd by the AiResearch Manufucturing Company.

: ¥, 2.4 Electric Drive Systcms., Ground support equipment which use

electric drive systems arc employed whenever a reliable power supply e available.
These units normally operate from a 440VAC puwer source, The two main factors
which Hmit their use ure the availability of a reliable power source and the amount
of cable avaflable to rcmotely locate these units from a power outlet,

e mm -
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8.3 Prime Mover Candidates. Seven major types of prime movers were
investigated as possible replacements for present GSE engines. The following
sections discuss the principles, development, problem areas, advantages, and
disadvantages of each of the candidates. A compilation of the characteristics of
each is included as a source of comparison.

8.3.1 Rotary Combustion Engines.
8.3.1.1 Principles. The rotary combustion engine is an internal combustion

engine which operates on the four stroke or Otto cycle consisting of intake, com-
pression, combustion, and exhaust. The example of this type which has received
more attention and development effort than any other is the Wannel engine.
Basically, it employs a three-lobed rotor which turns inside an epitrochoidal
surface. It normally uses gasoline for fuel in the four stroke cycle, but has
experimentally been modified to operate on other fuels in a diesel version. Valving
of the air-fuel charge and exhaust gases is accomplished through ports uncovered
in sequence by the rotor. This process can easily be compared to a2 conventional,
piston driven, spark-ignited engine (Figure 8-6).

An air-fuel mixture is sucked in through the intake port on the
Wankel and through the intake valve opening on the piston engine in the first stroke.
The compression of this mixture to higher pressure and temperature occurs on the
second stroke. A spark from the spark plug initiates the combustion and expansion
process that occurs on the third or power stroke. Finally, this burnt mixture is
pushed through the exhaust port on the Wankel and through the exhaust valve opening
on the piston engine to complete the cycle and the fourth stroke. Also by way of
comparison, the piston engine produces one power impulse for every two revolutions
of the crankshaft while the Wankel produces three power impulses for each revolu-
tion of the rotor.

8.3.1.2 Development. In 1926, Dr. Felix Wankel, a German engineer and
inventor, began a systematic investigation of rotary engines and in the 1930's,
established a research institute to further his investigation. Within a few years,

he was able to conclude that the successful development of a rotating engine required
the solution of three problems—geometry, sealing, and porting.

Wankel's initial mechanical concepts were complex and involved.
Later, when NSU of Germany took an interest in his project, Dr. Walter Froede
of NSU became involved. It was through his efforts that Wankel's original concept
was developed into an engine. However, the engine was still plagued with many
problems wher it finally became operatiounal in 1956.

The development of the rotary ¢ gine was given a major boost when the
Curtiss-Wright Corporation purchased the North American manufacturing rights to the
Wankel engine in 1958. Under the direction of Dr. M. Beutele and Mr. Charles Jones,
the engine was developed to the point that its potential became evident. General

* 18
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Motors and Qutboard-Marine Corporation have now joined Curtiss-Wright as U, S.

licensees, and nearly every major engine manufacturer in the world cither holds

a licenge to manufacture the Wankel, is negotiating for one, or is independently .
devcloping its own rotary engine. s

8.3.1.3 Problem Areas. Every picce of machinery, no matter how simple
or complex, encounters problems during its development and the rotary engine was
no exception. The major rotary engine problem areas of geometry, sealing, and
cooling are discussed in the following scctions.

8,3.1.3.1 Geometry. Rotary engines can have a variety of desiygus, some of
which are shown in Figure 8-7,

il 1A

[———
.
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i I'igure 8-7. Rotarv Laglue Geometry
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These designs, along with others, were studied extensively. Many
parameters had to be investigated with optimization occuring in such areas as the
compression rativ and the "leaning ungle’ of the apex scals. The leaning angle,
theta (Q), is that angle through which the ¢ ex scal varies from the perpendicular
with respect to the rotor housing or working surfacc (Figure 8-8). The apex sea)
continuously varles within 30° of the normal and ir perpendicular to the working
surface only when it crogses the major and minor axes.

The maximum "leaning angle' oveurs at the point of greatest variation :
from the perpendicular between the rotor ond the working surface. Through extenstve
Investigation it was determined that acceptable seal life could be obtaloed if the {
maximum allowable “leaning angle' was 30°  Because the compression ratio is :
dotermined by the geometry of the combustion chumber, extensive rescarch was
required to design the chainber gso that it would he compatible with today's fucls,
It was decided that the three lobed ralor with a 30" "leaning angle” was the bust
suitable cholee.

j 8.3.1.3.2 Scaiing.  The most crucial of all the probicms that prevented the ef-

. ficient operation of the Wunkel engine during the carly stapes of ils development con-
cerned scealing the viorking chambers to prevent gas leakage between them.  The
several paths that 1nuso be blocken exist neross the apices between the rotor faces,
and around the sldes of the votor faces, These scals, known as the apex scal aud
the side seal 1espectively, are sliown In Figure 8-9,
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MINOR AXIS

Figure 8-8. Seal Leaning Angles in a Wankel Engine

apex seal

side seal

combustion
recess

side

oil seal

Figure 8-9. Typical Wankel Engine Rotor Seals

The performance of the seals in the Wankel engine is determined by
the many variables in the design of the engine, such as the basic configuration, the
materials and dimensions of the sealing elements, the lubricating conditions, the
rotor and rotor housing cooling conditions, and the precision of the machining and
finishing of the surfaces facing the seals. The length of the gas leakage paths, the
size of the oil seal, the number of clearances, the configuration of the seals, and
‘heir operating conditions constitute serious disadvantages to the proper design,
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manufacture, and operation of this engine. As a result, it is undeniable that the
gas sealing efficiency of the Wankel engine is unfavorable, especially at low

speeds. 17

Sealing consists of providing uninterrupted contact over the whole pri-
mary and secondary sealing areas. The primary areas are those be‘ween a seal and
a stationary surface, the seal being carried in 2 moving component. The secondary
sealing areas exist between the seal and its slot, groove, or bore. Sufficient force
must be applied to the sealing element at al! times tc maintain contact. Keeping
this sealing force constani was a problem with the Wanke] because of the high
leaning angles encountered. After much development and many modifications, this
problem is now considered tc be solved. Three of the stages in the development
of the sealing system used in the Curtiss-Wright Wanke? are shown in Figure 8~10.
The final configuration is depicted on the right. 19

1951
Figure 8-10. Progressive Stages of Apex Seal Development

Apex seal vear probably constituted the major Wankel engine seal
problem. The materials used to make the seal had such a high wear rate that the
Wanke] enginc was almost considered to be impractical. Onlv recently has advancing
technology produced a more suitable seal material which 2ould decrease the rate of
wear to acceptable levels,

8.3.1.3.3 Cooling. Like the reciprocating piston engine, the Wankel engine can
be adapted to either air or liquid cooling, but the ccoling problems are strikingly
different. The basic duty of the housing cooling system is to lower the temperature
of the areas ¢xposed to the highest heat input and to minimize the temperature
differences throughout the housing.

Certain stationary areas on the working surface are always exposed to
the same phase of the operational cyele, therefore the beat distribution in the housing
is uneven. A cooling problem exists only in the area immediately surrounding
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the spark plugs where combustion and expansion takes place. The rest of the
working surface requires little cooling. This uneven heating causes distortion of
the housing which can prevent the gas and oil sealing elements from functioning

properly.

After much investigation, these cooling problems were solved by
using new, high-conductivity materials for the rotor bousing, and by coolant cir-
culation methods that match the cooling capacity of each location with the distribu-
tion of heat throughout the housing. As a result, the coolant flow velocity is high
in the hot areas of the housing and lower in others. This system assures even heat
dissipation and permits balanced cooling with large, clog free, easily manufactured

passages. 1

The exhaust gas temperatures of the Wankel engine average about 250
Fahrenheit degrees hotter than conventional reciprocating epgines. This important
consideration means that certain emission control devices would be more effective
in reducing carbon moxoxide (CO) and hydrocarbon (HC) emissions to acceptable
levels.

8.3.1.4 Advantages and Disadvantages. The Wankel engine's strongest claim
is ite large power output from a small, light package (Figurc 8-11). Its size is
about half that of an equivalent reciprocating piston engine and its weight is less
than half. By avoiding the use of reciprocating members st ch as ristons and con-
necting rods, the Wankel engine operates with minimal vibration and is easily
balanced. The difference in the total mumber of parts in the two engines is signifi-
cant. A representative piston engine has 1029 parts while 2 Wankel of the same
power has 633, This fewer number of parts decreases both the costs and the com-
plexity of the Wanke! engine (Figure 8-12), 9

Picire 8-11, Comparisonin Sice
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Figure 8-12. Basic Components of the Wankel Engine

The Wankel engine is not without its disadvantages. Although the seals
have been developed to an acceptable level of performance, muchk work is still needed
to increase their level of reliabflity to that of a diesel engine. Emliscion standards
for CO and HC can be met by the Wankel, but nitrous oxides (NO,) are still higher
than acceptable. The major disadvantage is that the fuel economy of the Wankel
engine can be up to 40% worse thanthatof a conventional reciprocating engine. Also,
in presently available engines, gasoline is the only fuel that can be used for operation.

8.3.2 Gas Turbine Engines.
8.3.2.1 Principles. Derived from aircraft turbo-jet powerplants, the gas

turbine is a continuous combustion, high speed heat engine. I elemental form, it
functions in the following manner (Figure 8-13). A compressor takes in ambient air
and feeds it to a combustor can where fuel is added. The easuing combustion process
produces hot, high pressure gases, which expand through the compressor turbine.

A small amount of work is extracted by the turbine to power the previously mentioned
compressor section. The remaining work is removed as this hot gas expands to
atmospheric pressure in the power turbine. The shaft of this turbine is the power
output shaft for the engine. A common improvermrent to this basic cycle is made with
the addition of duel regenerators which recover waste heat from the exhaust and add
it to the combustor inlet air,

8.3.2.2 Development. Gas turbines were developed towards the end of World
War II in respounse to a need for higher power aircraft engines. These engines
produced exhaust thrust as their only useful power. After the war, efforts were

put forth to redesign this device to vield rotary power via a shaft. By the 1950's,
small experimental turbires had been built and tested in vehicles but with disappoint-
ing results. Poor fuel economy, noise, and a lag between throttie actuation and
vehicle acceleration made them undesirabie.

24
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The push for low-pollution power led to the rediscovery of turbines
in the late 1960's as possible replacements for conventional piston engines in autos
and trucks. The engine became even more attractive when acceleration lag was
reduced and more advanced construction materials lowered the costs.

At present, several mamufacturers are developing their own versions
of the gas turbine. Many have characteristics of power, weight, volume, etc. that
make them entirely suitable for vehicle use. Chrysler Corporation has a fleet of
prototype automobiles which are being evaluated for performance. The EPA is
financing a portion of this project as well as different projects with other
mamufacturers. However, ground vehicle turbine production is presently limited
to the 300-500 HP ramnge.

8.3.2.3 Problem Areas. While most of earlier troubles associated with air-
craft turbine engines have already been corrected, the development of a smaller
turbine for use in small or automobile type applications has created many new
problems.

8.3.2.3.1 Costs. The most persistent problem in any turt. e design has been
its high cost. The continuous high temperatures generated within these engines
require the use of exotic and expensive heat-resistant metallic alloys. The basic
engine design also necessitates costly preciston machining of the complex turbine
blade and guide vane shapes. 2 Material researchers hope to solve these metallurgi-
cal problems by developing inexpensive ceramic composites whick can he cast and
finished to firal dimensions in a few simple operations. Current aircraft industry
estimates place the future cost of large production nmns of automotive-sized turbines
at three times the present cost of conventional piston engines.

5.3.2.3.2 Fuel Economy. Gas turbine fuel economy has never been able to
match that of similar sized piston engines. 4 Development is continuing to improve
the performance of the compressor, turbine, and regenerator, which should
improve fuel economy. Other possible ways to impreve fuel economy include:
increasing the turbine inlet temperature, using water injection, and optimizing

the transmission. 3

8.3.2.3.3 Emissions. Low CO and HC emissions are the prime reason the auto-
motive industry is interested in the gas turbine. However, its oxides of nitrogen
output is not especially favorable. The high temperature combustion conditions allow
the nitrogen to combine with the oxygen present in the atmospheric air te form these
oxides. Resecarch has been initiated to develop new combustors whick will lower the
NOy emissions without affecting the already low HC and CO emissions. 4 23

s n2d Advantages and Disadvantages. The most outstanding advantage
of the gas turbine cngine s its incredible reliability. Many turhines are curreantly
running in continuous, wunattended operation, doing such jobs as generating electricity

to
o
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and pumping fuels in isolated locations. Properly maintained, these units almost
never have unexpected failures. Lengthened maintenance intervals and increased
engine life expectancy may well outweigh the higher initial cost of these powerplants.

Engine simplicity is the key to reliability. Ful delivery is accom-
plished by a simple pump and spray nozzle arrangement. A rudimentary ignition
is used but only for start-up purpnses. Almost any liguid or gaseous non=leaded
fuel may be used, including jet fuel, gasoline, alcohol, ané natural or LP gas.
The lack of reciprocating parts makes vibration almost non-existant. This in turn,
diminishes the need for strengthened frame members and engine mounts to absorb
the destructive harmonic vibrations normally associated with reciprocating engines.

Although the gas turbine itself is very simple, the control systems
needed to regulate it are very complex. Fuel must continuously be metered into
the combustor cans in correct amounts to obtain the desired speeds. Exhaust tem-
peratures must be monitored for indications of overstressing. terlocking fuel-
ignition-starter motor controls are required to prevent hazardous flaming '"hot
starts" in the event of delayed ignition after prolonged cranking. These controls
are expensive and must be manufactured to very close tolerances.

The major disadvantage of the gas turbine is the high initial cost. For
a 120 HP system, the present cost would be between 13, 000 and $20, 000. However,
with future refinements and new materials, the cost cou’ 2 be reduced considerably.

8.3.3 Rankine Cycle Systems.
8.3.3.1 Principles. The Rankine-cycle power system is an external combustion

engine in which high-pressure steam, or some alternate working fiuid vapor, is
expanded in either a turbine or a positive displacement (piston-type) expander to
produce work. As shown in the schematic diagram (Figure 8-14), a high pressure
pump (A) draws liquid, initially at a low pressure, from the reservoir (E) and forces
it under high pressure through the vapor generator (B;. It is converted to super-
heated vapor by heat transfer from the heat of combustion in the burner. The hot,
high pressure vapor is then metered into an expander (C) thioough a flow control valve.
The vapor then expands, lowering its pressure and temperature, and is converted
back to a liquid in a condenser (D), which is typically air cooled. The resuiting low-
pressure liguid can then be returned to the vapor gererator by the pump compieting
the cyvcle. 2

All Rankine cycle engines use the same basic scheme with the major
design variations being the expander which can be either a turbine or piston type unit.

8.3.3.2 Development. The use of Rankine cycle engines in vehicles dates back
to 1327 when primitive steai. engines were used to power coaches. Most of the early
steam engines had a large water boiler and used 2 noncondensing, single-expansion
engine. Necessitat2d by the nature of the system, the large guantities of water
required as much as a half~-hour of heating {or the engine to become operable from a
cold start.
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Since that time, additional development has produced two different
approaches, a steam turbine and a steam reciprocator. Of these two, more
development has gone into the piston or reciprocating types. The Williams Engine
Company, Ambler, Pemmsylvania, has worked on a reciprocating type since 1899.
Other companies, such as Thermo-Electron (TECO) and Steam Engine Systems
(SES), both from Massachusettes, have recently developed their own versions of
a reciprocating steam engine.

Two other companies, Aerojet General Corporation, and Lear Motors
Corporation, have each developed 2 vapor turbine engine, using a turbine for the
expander. Two engines have been developed by Lear, a 120 and 240 horsepower sys-
tem. These power systems are basic and simple in design, using a vapor generator
(boiler), a steam expander (single stage turbine), a regenerator, and a condenser in
a closed-loop cycle (Figure 8-15). A high degree of flexibility is available in this
system, since the separate components can be instalied independently of each other.
The uniqueness of the Lear system lies primarily in its compact size, low emission
and diminished noise characteristics, and its adaptability to many appifcations.

The Lear vapor turbine system has been successfully tested in a bus for
the California Steam Bus Demonstration Project. The Lear engine is one of the four
Rankine cycle engines which will undergo a strict 200 hour test pregram in eaxly 1973
for the Environmental Protection Agency (EPA) to determine {ts emissions, per-
formance, and durability over its entire operating range. A comparison between the
different systems is shown in Table 8-5.

8.3.3.3 Problem Areas. Throughout the development of the Rankine cycle
engine, many problems plagued its progress. Many of the problems which seemed
insurmountable have now been reduced to workable solutions. These problems are
defined and discussed in the following sections.

8.3.3.3.1 Condenser. Because cof the limited heat transfer technology a.-ailable
in the past, the relatively large size of the condenser presented a critical pro lem
in former Rankine cycle power system applications. As a result, the frontal area,
volume, and fan horsepower requirements for condensers have been excessively
large. These have been strong factors in limiting the application of the Rankine
cycle system. As aresult, the AiResearch Manufacturing Company, California,
developed new heat transfer designs and techniques to permit the use of condensers
comparable in size to that of the present automobile radiator. The solution ressited
in the use of perforated fins which reduced the condenser size by a factor of two
over previous designs. This reduction in condenser volume pot only minimized
installation problems, but alsc yielded a comparable savings in material costs. 1

8.3.3.3.2 Vapor Gencrator Assemblv. The vapor generator consists of the
cormbu=tion blower, the combustor, and the boiler tube bundle. Although a number
of boilers have been designed and tested by different manufacturers, continued
develepment of @ compact vapor generator, without compromising its low emission

performance, ix still progressing.



NAEC-GSED-66

o
Gk

E QUTPUT |
—;;% (C) SHAFT 1
vapor-FLow  EXPANDER [Fanf Y conpense (D) : !
S CONTROL VALVE :
E 1
3 VAPOR OuomoT
3 S COMDENSATE
) i GEnERATORD) SumE
, VAPOR
, - VAPGR | | 1QuID e
' 2. HEATER .
Lauio U _LiQuip |
- AIR — ANV —~4
| FUEL LIQUIC-RESERVOIR
(E
OR STGRAGE TANK
’ HIGH-PRESSURE
. EXHAUST LICUID PUmMP (A)
Figure 8-14. Schematic of Typical Rankine Cycle Steam Engine Components
1
{ |
1
EXHAUST
TEMPs 484°F THAOTTLE
ot VALVE TURBINE/GEARBOX
: I e | TURBINE RPMs
i Q*1.€x10% B/MR - 950&3'4 l 65,000
! €88 % 1060° £ OUTPUT RPME
BoosT "’/’_30 OPTIONAL
pPUMP 1100 PSIA -190° e ea%
! ongsspupo-sazo :gr ]
H ¢ G/BHP LOSS» 6.
i sfi‘f: ALTERNATOR
INLET TEMP NOT INCLUDED
132°F
FLOWSs
1 FEED PUMP PRIMARY OUTPUT
'\i SHAFT MP 2.4 44 LB/WIN AUXILLIARY
FLUID FLOW S 3
POWER
* 2.3 oPM @ OuTPUTY
i _ £ |
1 ) A AN FUKL PUMP
8(3715:)? B/:nr FLOW 14.4 GPM 20 POIA
CONOENSER TEMP » FULL:QASOLINE 460°F
222°F ~a | REGENERATICN H
{ u;::.o&cmm QsL01 108 B/HR ~)
. :
! AIRTEMP IN200°F ik = 1
IR TEM® OUT»182° = vAPOR
FAN SHAFT HPsIO.} P 18 PSIA o33 FLUID
i 2T8°F :
1
4 s
]
Figure 8~15, Lear Vapor Turbine System Desigm Point
i I
] Thermodynamic Cycle BSFC = .91 Rankine Cycle Eff. = 14%

29




NAEC-GSED-66

o . .
Prommam ¢ ppe——

008

96
021

aojem

aval

W aen 1 L pe——

‘ZL61 ouny Jz-0z ‘Suijasiy UOTIBUIPIOO) SIOIDEIIUC) SWAISSG Iamod 3ALOWOINY
ay) Jo jxodea fiewrmans pI1y3} s,£01a8Y Q01031014 [EIUAWUOIIATY] 973 UWIOI] P3IIBIIND SBM vIep STqL.

Q0%1

o1

0001

0sS

0059¢

S¥L

gl

BL AV

LArodav

00%1 €121 (spumod) 3o
91 YAl (%) Souatoyid Treasag
0001 00.L (t1sd) aanssadd 39y
0001 0¢<s (J1.) axryeaaduwaj, 387yl
0081 0031 NdY ¥eds
el I¢l JoMOdoSIOH AN
Syl Lp1 Jamodssaol ssoa9

Inem gy Touwrxon(g PINLI SuiIom
S3s 0Jal

*SIWALSAS FTOAD INIMNVY 40 VLVAU TVIINHOIL

G-8 AIdYL

30




I
il

Cod

s | [— e

o o

r—

rap——

U ——

et

%

NAEC-GSED-66

Typically, the Lear vapor turbine system is a compact unit with the
combustor being an integral part of the vapor turbine assembly., Combusticn occurs
under fucl rich conditions to retard the formation of oxides of nitrogen. The addition
of air completes the combustion of hydrocarhons. The tube bundle, or convection
bank, is a ccanterflow heat exchanger. This means that the feed water from the
regenerators is injected at the outermost coil in the radial group and the superheated
steam is extracted at the end of the innermost coil. Thus the hottest combustion
gases heat the hottest fluid. This vapor generater assembly is efficient and compact
enough for acceptable installation in existing vehicular engine compartments.

8.3.3.3.3 Working Fluid Sfaudies. Many studies have been conducted by different
manufacturers into what werking fluids should be used in their systems. The initial
efforts related to fluids were devoted to defining fluid selection criteria for both the
turbine and reciprocating expanders, and the development of non-ideal mixture
analysis techniques for predicting the thermodynamic properties of these mixiures. 1

Several hundred single compounds and mixtures have becn screcned
for thermal stability in sealed capsules at the required operating temperatures. The
current result of these tests and the evaluations in terms of other desired critevia has
yielded two classes of fluids as candidates showing the hest potential for the intended
application. They are the fluorinated aromatics and water solutions of pyridine.

Tue flvorinated aromatics are very expensive but are also stable at the
working temperatures and are considered non-flammable. Manufacturing costs
studies have been conducted for these fluids. Assuming a large production volume,
the results indicate that costs could be substantially reduced.

The water solutions of pyridine andmethyl pyridine are inexpensive but
their acceptability in terms of flammability and toxicity have yet to be cvaluated.
From a thermodynamic standpoint, these fluids may be suitable for both turbine and
reciprocatiag engines by varying the concentration of the amine.

8.3.3.4 Advantages and Disadvantages. As with any power unit, both advantages
and disadvantages cxist. One of the most interesting characteristics of the Rankine
cycle systems is that their overall fuel economy improves under partial load condi~
tions, since the heat exchangers, such as the boiler, condenser, and other heat
recovery exchangers, improve in efficiency under partial Joads, Due to this

improved efficiency, the emissions are also lower. Combining these facts with

other advantages, such as its multi-fuel capabilitiesn, low noise und vibration Jevels,
and high reliobility, it can he concluded that the Rankine-cycle engine is a feasible
GSE prime mover candidate.

The mujor disadvantage of the Rankine-cycle system is its carly siate
of development, Although much work has been done on each of the various componeunts,
their collective design remains to be optimized. The physical size of the combustor
and the condenser must be further reduced hefore general automotive ude of the
engine becomes practical.

ai
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8.3.4 Stirling Cvcle Engines.
T
; 8.3.4,1 Principles. The Stirling engine is a hot gas, external combustion
: . engine, which compresses a quantity of gas at low temperature and expands it at a
high temperature. Theoretically, the Stirling engine has the same ideal efficiency
} as the Carnot cycle, operating between the maximum and minimum gas temperature,
i The cycle consists of the following four processes (Figure 8- 16): {
1 :
1
. 3
: (b) (c) T,
PRESSURE 2 4 TEMPERATURE
(P) T, ) (d) (1) T,
! (0) .
l .
VOLUME (V) ENTROPY (S)

TFigure 8-16, The Stirling Cycle

a) Constant temperature compression, in which heat is rejected.

b) Constani velume addition of heat which was stored in the regenerator
from the preceding cycle. i

c) Constant temperature addition of heat as the piston moves from
minimum to maximum displacement,

d) Constant volume storage of heat, as the working fluid returns to
the initial low temperature condition.

The gas temperature is periodically changed by causing a displacer piston to transfer

the gas back and forth between two spaces, one at a fixed high temperature, and the

other at a lower fixed temperature (Figure 8-17). When the displacer is raised, th

gas flows from the hot space via the heater and cooler ducts into the cold space. |
When the displacer moves downwards, the gas returns to the hot space along the '
same path. During the first trancfer stroke, the gas has to yield a large quantity of
heat to the cooler while an equal guantity of heat has to be taken up during the second
stroke from the heater. A regenerator is inscrted in the duct between the hot and
cooler sections to prevent the unnccessary loss of this heat. This regenerator con-
cists of a space filled wvatk a compact, high density, porous material to which the hot
gas yields heatl before entering the cooler and absorbs this stored heat prior to its
entry into the hot section, 22

32
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Figure 8-17. Stirling Engine Schematic

The displacer system, which serves to move the gas through the heat-
ing and cooling ¢lements, is combined with a power piston, which compresses the gas
while in the cold space and allows it to expand while in the hot space. Because of the
temperature differcnces, less energy is consumed in compression than during expan-
fion and a surplus cf encrgy results. This exeess energy is converted to vseful work
through a drive mechanism,

8.3.4.2 Development. In 1816, Reverend Robert Sijrling invented what is now
called the Stirling engine and in 1827, built the first successful version. Thc engine
showed little future until Philips Rescarch Luboratories of Netherlands started an
intensive development program in 1938. In the 1950's, Geperal Motors (GM) entered
into an agreement with Fnilips to further develop the engine, The many improvements
that resulted made the use of the engine much more feasible for a wide range of
applications. Tn 1957, an engine was developed be GM for NASA to be used on a space
satellite. Work continued at GM on variations of the Stirling engine until 1970, when
their agreement with Philips was terminated. At this poiui, the Tord Motor Company
obtained a license to work with Philips 1o continue the developmenit ui the engine.

8.3.4.3 Problem Arcas, Until recently, the Stirling engine did not appear to
be a practical powerplant. Many problems were avercome but a few still exist.
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8.3.4.3.1 Drive Mechanism. There are various ways to make the displacer and
piston perform the desired movements. Most are complicated and their reliability is
lowered considerably. Two different approaches have shown acceptable results. In
the first system, know as a "Rhombic Drive" (Figure 8-18),18 each cylinder must
have its own drive unit and its own combustor. The rhombic drive unit consists of
twin cranks and connecting rod mechanisms offset from the central axis of the engine.
The cranks rotate in opposite directions and are coupled by two gears. During its
operation, the displacer shaft moves through the hollow piston shaft in a sequence
which is determined by the timing gears.

Figure 8-18. Rhombic Drive System

The rhombic drive version of the engine is extremely impractical for
vehicular use due to the necessity of individual combustors. However, the swash-
plate drive system made vehicular use of the Stirling engine practical because of
its decreased weight and complexity. I the swashplate system, which does not use
a displacer piston nor a separate combustor for each cylinder (Figure 8—19)}8
the piston rods cxert pressure against an angled plate, transmitting 2 wedging action
and causing the swashplate to revolve, thereby rotating the output shaft. Four pistons,
phased 90° apart, deliver one power impulse for every quarter turn of the output
shaft. The swashplate svstem is now the accepted drive mechanism because of its
smaller size, lower weight, and decreased complexity. 22

5.3.4.3.2 Working Fluid. The working fluid used in the Stirling engine has a

significant effect on its power output and the efficiency. While any gas can be used,
low fluid friction and high hez: trans‘er properties are 5¢ critical that most common
working fluids are eliminated. The origiral Stirling eagzine ran poerly since zir was
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used as the working fluid. After a thorough fluid analysis, it was determinegd that
hydrogen had the best combination of properties. rowever, hydrcgen is a highly
flammable gas which requires many precautionary measures. The flame speed in
hydrogen-air mixtures is far greater than in gasoline-air mixtures. Much greater
explosive forces would result if the hydrogen were to be ignited. 22
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Figure 8-19. Swashplate Drive System

The search for methods that would reduce the hazards of using hydro-
gen is continuing. One method is to decrease the quantity of hydrogen needed by
reducing the size of the manifolds, pumps, plumbing, and reserve bottles. It is ex-

pected that these efforts will ultimately make hydrogen acceptable for use in the
Stirling engine.

8.3.4.4 Advantages and Disadvantages. The most significant advantages

in the Stirling engine include both a multi-fuel capability and an improved fuel
economy. Other advantages include a noise Ievel about 20-40 dBA below diesel
engines, an almost total lack of vibration, and 2 similar lack of pollution. Ms
reliability is extremely high and because oil changes are not necessarv, maintenance
is also reduced. Toae major disadvantage to using the Stirling engine is the hazard
created by the use of hvdrogen as the working fluid.

R.3.5 Stratified Charge Engines.
S.8.5.1 Principivs. The stratified charge engine (Figure 8-20) is an un-

throttled, spark ignition engine, which uses fuel iniection to achieve zelective
.o . ~ - o - - - - ~ - M -
stratification of the air-fucl ratio in the combuston cramber. ' The engine develops
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a rich fuel mixture in the zone of the spark plug and a lean fuel mixture throughout
the rest of the cylinder. Because a full charge of air is taken into the cylinder on
each stroke, the need for inlet air throttling is eliminated. Under partial load condi-
tions, all levels of stratification combined use an overall lean air-fvel mixture,
resulting in increased fuel economy and reduced emissions.

Figure 8-20. Prechamber Stratified-Charge Engine

The power output of the stratified charge engine is controlled by increa-
sing or decreasing the amount of fuel ivjected into the combustion chamber. As the
power demand increases, the fuel introduced into the cvlinder also increases.

8.3.5.2 Development. Experiments have becn conducted with stratified
charge concepts since their inception in 1215 when thev were used on diesel engines,
Presently, these councepts are being used aimost entirelv to develop engines that wiil
comply with the future cmission standards set forth by the EPA.

Three different pcllutants are regulated by the EPA: hydrocarbons
(HC), carbon monoxide {CO) and oxides of nitrogen (NOy). HC emissions are formed
in an engine because the air-fuel mixture near the cylinder walls is too cool to burn.
The unburned casolire vapor that remains forms lavers of hydrecarbons on the walls

and ic blowm our during the exhaust stroke. CO emissicas result when the fuel is not
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burned completely. This usually occurs when the mixture in the cylinder is fuel-

rich during both the expansion and exhaust strokes. The NOy are formed when
nitrogen and oxygen combine at high temperatures early in the expansion stroke. With
higher temperatures or more oxygen available in the cylinder, more NOx emissions

are formed.

The purpose of the stratified charge concepts is to control the air/fuel
mixture so as to control the emissions and increase fuel economy. A short discussion
of the several different versions that have been developed follows.

8.3.5.2.1 Compound Vortex Controlled Combusticn (CVCC). The CVCC engine
was first developed by the Honda Motor Company in 1967. This system uses two
carburetors, one of which is set to produce a rich mixture while the other gives a
lean mixture. These carburetors provide for three layers of mixture, rich in the
precombustion chamber, lean in the cylinder, and hali-and-half in the comnecting

passage (Figure 8-21).

. INTAKE 3. 1GNITION

4. POWER 5. BOTTOM CEAD 6 EXHAUST
CENTER

Figure S-21. CVCC Engine Cycle

The fuel rich mixture is ignited and burns quickly and completely to
keep CO emissions low while the flame f{ront traveis wo the cvlinder throuzh the
medium-rich mixture. The lean mixture in the cviinder burns more siowly and at a
high enough temperature to nssure complers combustion and low HC emissions but at
ia

RN PN RIS i by yae L 3 o . -
alever temperature than is needed for NO.. to form.
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Honda is continuing to develop the engine to further improve fuel
economy and performance. Presently, this CVCC engine is one of the three engines
certified as meeting the emission standards for 1975 set by the EPA.

8.3.5.2.2 Texaco Controlled-Combustion System (TCCS). The TCCS engine has
been under development at Texaco since 1956. This system uses a combination of an
air swirl, fuel injection, and positive ignition to reduce pollutent emissions. The
creation of an air swirl in the combustion chamber is the basic principal for the
operation of the system, with the rate of swirl directly influencing the combustion
duration and the efficiency of the engine. Initial engine designs did not create an
efficient air swirl, but with the use of a "cup-in-piston" combustion chamber con-
figuration (Figure 8-22), an adequate swirl rate during combustion can be achieved, 15

chp-
~s I‘
‘ - _ ! !

PISTON

Figure 8-22. Cup-in-Piston Design

In 1963, the United States Armyv Tank-Automotive Command
(USATACOM) signed a contract with Texaco to apply the TCCS concept to a military
engine.  As a result, fuel consumption was reduced by 307 over the standard military
gasoline cengine. The new engine also has a multi-fuel capability which allows it to
use gasoline, JP, or diesel fuel. Work is continuing to make additional
improvements.,

*.305.2.3 Stratified Charge Rotating Combustion Engine. In 1962, various types
of stratified charge configurations were evaluated by Curtiss~Wright on a rotating
combustion engire (see section 8, 3.1). The svstem, developed bv Curtiss-Wright,

R
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uses JP-4 or 5 fuel which is directly injected into the combustion chamber by high-
pressure diesel-type nozzlec (Figure 8-23) located adjacent to the spark plug and
operated in synchronization with the ignition timing. The burning takes place as the
fuel is injected and has an almost stationary flame front. Using this sysi;em1 a low
octane fuel would produce acceptable performance with low emission levels.

Figure 8-23. Fuel Injection in a Stratified Charge RC Engine

Development is countinuing on this Curtiss-Wright version to improve
the fuel economy which is still below expectations. Most of the development involving
this type of stratified charge engine was accomplished under contracts let by the Navy.

8.3.5.3 Problem Avreas. Since most of the stratificd charge engines were
developed primarily to meet emission standards set by the EPA, other inberent
problems with the engire were peglected. Basically, a stratified charge engirve is just
a modified, automotive type, conventional piston engire with the same problems.

8.3.5.3.1 Performance. Because of the overall lean air fuel mixture used in
the combustion process, a 207 loss in newer can be expected when compared to a
normally carbureted engine. This loss of power severely atfects the performance of
the evngine, especially during high power demand periods. Work to correct this
problem is continuing bv changing the fuel iniector location and the injectinn duration.
Significant imprmvements in performance were cbserved with these changes, but the
emission levels alse inereased.
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8.3.5.3.2 Complexity. A significant problem with conventional piston engines has
been their complex mechanical systems (such as the valve train, ignition system, etc.).
Since the stratified charge engine is just a modification of this engine, the same com-
plexity still exists but with the additional, complex, stratification mechanism. This
mechanism consists of a fuel injection nozzle and a fuel metering device which needs
constant servicing to keep it operating correctly. These fuel injection systems must

be very precise and require very carefully tuned fuel metering and control elements.

8.3.5.3.3 Advantages and Disadvantages. Improved fuel economy and low
emissions are the most often mentioned advantages of the stratified charge engines.
Its ability to use either low cctane or JP fuels is also a favorable feature. However,
many disadvantages exist. Being a modification of the conventional piston engine, the
engine is significantly increased in size, weight, and cost. Also, with the increased
complexity of the fuel system, reliability is decreased. As a result of the precise
fuel injection requirement, there exists a need for additional and more frequent
maintenance.

8.3.6 Electric Drive Systems.
8.3.6.1 Principles. An electric drive system usually includes a power source

(such as batteries or fuel cells) which feeds electrical energy to a conversion device
(such as an electric motor). Electric motors usually convert electrical power from
the source to useful mechanical torque at high conversion efficiencies. They usually
produce maximum torque at stall, and can be electrically reversed to change the
direction of travel.

8.3.6.2 Development. As the result of many years of research, electric motors
have become some of the most highly developed energy conversion devices in existence.
However, research is still continuing to improve the power sourcc characteristics.
Batteries need redesigning to give quicker recharging times, reduced weight and vol-
ume, and increased life span. Fuel cells need more development to improve their
effectiveness and reduce their high procurement and operation costs.

8.3.6.3 Problem Areas. The problems associated with mobile electric drive
systems are basically those associated with the power source. Batteries and fuel
cells are the only currently feasible power sources and each has 1ts own peculiar
problems,

8.3.6.3.1 Batteries. The major problem with battery systems involves having
sufficient power available when it is needed. Batteries are not always immediately
ready for service because tiiey must be recharged frequently. The currently, high
ampcrage mobile power applications can ounly be filled by chemical storage batteries.
These have long recharging periods, are expensive, and have limitcd duty cycle life
spans. To produce the amount of power really required for vehiculsr applications,
present batteries are too heavy, too costly, and take up too much spuce. Research is
being conducted to develop new types of batteries with both reduced - cight and volume.

40



NAEC-GSED-66

8.3.6.3.2 Fuel Cells. Fuel cells are reaction cells which electrochemically com-
bine oxygen and hydrogen to produce electricity and water. These systems are very
reliable but extremely costly. One problem associated with fuel cells involves the
hazards of using hydrogen as a fuel because of its high volatility. Reformers can be
used to convert some present fuels into usable hydrogen, but these add weight, bulk,
and complexity to an already complex system. They also reduce the total efficiency
of the system since the conversion process itself consumes some electrical energy.

8.3.6.4 Advantages and Disadvantages. Electric drive systems are quiet,
dependable, and non-polluting. They have very few components which require main-
tenance and most of the wearing parts, such as contacts and bearings, are easily
replaceable. Complex transmissions are not required since the motors are electri-
cally reversible and variable in speed.

The disadvantages of the electric drive systems, as previously indicated,
mainly involve the power source limitations. Other disadvantages include the
generally high cost of the entire system and the poor reliability and complexity of the
system voltage controllers.

8.3.7 Flywheels.
8.3.7.1 Principles. The flywheel is a device which can store kinctic energy for

later use in propelling a vehicle. The flywheel is a disk, usually made from steel,
which is rotated to a high speed by some device, and then left to rotate freely. The
high speed spinning disk is then permitted to dissipate energ}éto a drive system, This
propulsion system is usually a hydrostatic or electric drive. 1

8.3.7.2 Development. During the past few years, there has been a renewal of
interest in flywheel concepts. Both General Dynamics and North American Aviation
have explored the possibility of using flywheel-powered devices. General Dynamics
is currently investigating a system using a glass-fiper wheel with an electric drive
system. The results have been favorable and additional development is continuing.

8.3.7.3 Problem Areas. The major problem in the flywheel system involves
the transference of the stored energy in the flyvwheel to the wheels of the vehicle. A
continuously variable drive is required because the flywheel must decelerate smoothly.
These systems are very complex and extivmely expersive. Much more research

is necded before flvwheel systems become feasible.

8.3.7.4 Advantages and Disadvantages. The advantages of the flywhee! svstem
are that it is pollution~free and that all the stored energy can be removed rapidly.

The disadvantages of these systems are numerous. They are quite
bulky and very expensive. Drive systems are complex and a systera is needed to
"wind-up' the flywheel, Safety is a critical problem, for with the massive disk
retating at a very high speed, any failure of the disk or its supporting structures
would be catastrephic.
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8.4 Data Comparisons. Comparisons between these prime mover candidates
are difficult because of each one's varying stage of development, especially with im-
provements being made constantly. Most of these prime movers have qualities which
would immediately be more advauntageous in GSE than the present prime movers.

(Table 8-6).

8.4.1 Noise. Generally, the noise Jevels generated by all of the candidates,
except the stratified charge engines, arc lower than the engines currently used in
GSE,

8.4.2 Fuel Requirements. At the present time, most of the new candidates
have a multi-fuel capability while the Wankel engine can only burn gasoline. The
electric drive and flywheel systems are not fuel nowered at this time.

8.4.3 Fuel Economy. The Stirling engine is the only prime mover candidate
expected to produce a significant improvement in fuel sconomy. Researchers work-
ing on the other candidates predict that with additional development, their fuel
cconomy can be improved as well.

5.4.4 Emissioas. The low emissior. levels generated by these candidates is
one of the: prime reasons why engine manufacturers are ccentinuing developmental
work on new engines. The emissions are lower than those generated by the cxisting
prime movers.

8.4.5 Reliability. Reliability is again difficult to compare because of the
various stages of development. The Wankel engine, the only one in mass production,
has demonstrated an acceptable level of reliability. It is expected that all of the new
prime movers will be more reliable than the engines currently in use.

8.4.6 Dimensiong. These new prime movers arc about the same size or
smaller than the presently used engines. The stratificd charge engine may be larger,
but further development should reducce this size. The Wankel cogine is the smallest,
being abour half the size of a conventional gasoline enginc.

8.4.7 Vibration. All the new prime movers, except for most of the stratified
charge cngines, are almost vibration free. The stratified charge rotary cengine is
almost vibration frce because of its lack of reciprocating motion.

8.4.8 Safety. Safety problems could possibly create drawbacks for several
of the candiaates, The Stirling engine using hydrogen as a working fluid creales fire
and explosion hazards. Sudden relearc of the high pressures used in the Ranking
cyele engines could b catastrophic, The fuel cells and hattery systems give off
explosive hydrogen gas through chemical reactions, Howcever, all of these safety
problems could be solved with further development.
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8.4.9 Maintainability. The need for scheduled maintenance is decreased with
closed cycle systems such as the Stirling, Rankine cyecle, and gas turbine engines.
Also, oil chauges and tune-ups are not required with these systems. The stratified
charge and Wankel engines still required periodic servicing since they still use spark
plug ignition systems. : !

8.4.10 Complexity. The number of parts used in most of the candidate prime
movers is decreased. The Wankel incorporates both reduced complexity and abeut

half as many parts as currently used gasoline engines, but the siratified charge engine

has the added complexity of its fuel metering syatem. The Rankine cycle, Stirling,

and gas turbine engincs are basically simple, but all require vetry complex control
systems.
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9. FUTURE EFFORTS f

Al

The investigation into the development of the Wankel, Stirling, and gas
turbine cngines, and the Rankine cycle systems will continue. The installation and
testing of a Wankel engine in a weapons loader will commence in the near future. : !
Prototype Rankine cycle engines will he obtained to determine the feasibility of their
use in GSE, The gas turbine and Stirling engines will also be evaluated in the GSE
environment. At the conclusion of the evaluation of these candidates, on optimal
replacement prime mover will be recommended.
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ACTIVITH.S AND PERSONNEL VISITED

ACTIVITY

NAS NORFOLK

NAS OCFEANA

LEAR MOTORS CORPORATION
Reno, Nevada

WILLIAMS ENCINE COMPANY
Amblcr, Pennsylvania

CURTISS WRIGHT CORPGRATION
Woodridge, New Jdersey

THERMO ELMNCTRON CORPOKATION
Waltham, Masgsachusettes

CHRYSLER CORPORATION
Detroit, Michigan

IF'ORD MOTOR COMPANY
Dearborn, Michigan

GENERAL MOTORS CORPORATION
Wuarren, Michigan

ENVIRONMENTAL PROTECTION AGENCY

Amn Arbor, Michigan
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Rotor Sea) Arrangement fv Wankel Englue
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